The genome sequence reads obtained by Illumina Hiseq 2500 are available at NCBI-SRA. The Bioproject accession number is PRJNA304925 (<http://www.ncbi.nlm.nih.gov/bioproject/304925>) and the Biosample accession number is SAMN04309304 (<http://www.ncbi.nlm.nih.gov/biosample/4309304>). The Experiment number: SRX1459983/Rosa roxburghii and Run number: SRR2970602.

Introduction {#sec001}
============

Presently, about 100--250 species have been described in the genus *Rosa*, many of which are recognized for their ornamental horticultural use \[[@pone.0147530.ref001]\]. The chromosome number of members of this genus are based on multiples of seven and range from 2n = 2x = 14 to 2n = 8x = 56 \[[@pone.0147530.ref002]\]. *Rosa roxburghii* Tratt (2n = 2x = 14), which is widely distributed in Southwest China, has aroused statewide interest for its wide range of nutritional and medicinal components in fruits as well as in leaves, including ascorbate (AsA), superoxide dismutase, flavonoids, and polysaccharides \[[@pone.0147530.ref003]--[@pone.0147530.ref005]\]. The economic cultivation area of this species in China involves at least 30,000 hectares, and a series of health care products has been developed for clinical applications.

Despite its economic importance, the inheritance pattern of most agronomically significant traits of *Rosa roxburghii* has not yet been established. The limited genetic and genomic resources for this species have thus resulted in minimal improvement in its breeding programs. Collecting wild germplasm and selecting elite genotypes of this rosebush based on plant growth vigor and fruit characteristics started in the early 1980s in China \[[@pone.0147530.ref006]\], and only one cultivar and some elite lines have been identified to date \[[@pone.0147530.ref007]\]. Random amplification of polymorphic DNA (RAPD) and amplified fragment length polymorphism (AFLP) \[[@pone.0147530.ref008]\] markers have been employed to describe the genotypes of *Rosa roxburghii*. Recently, several SSR markers have been developed based on transcriptome sequencing \[[@pone.0147530.ref009]\], but no genomic sequence-based markers are available for this species.

AsA, also known as vitamin C, is of vital importance to plant cells as an antioxidant and enzyme cofactor \[[@pone.0147530.ref010], [@pone.0147530.ref011]\]. Several AsA biosynthetic pathways have been proposed in higher plants and the route that occurs via L-galactose has been well established \[[@pone.0147530.ref012]\]. Recently, we identified and analyzed the candidate genes involved in the biosynthesis of AsA in the *R*. *roxburghii* fruit based on the fruit transcriptome data \[[@pone.0147530.ref009]\]; however, the metabolic mechanisms underlying AsA overproduction in this plant remain unknown. In addition, the level and distribution of AsA generally depends on both its synthesis as well as recycling \[[@pone.0147530.ref013]\]. Biosynthesized AsA can be oxidized to mono-dehydroascorbate (MDA) and ultimately to dehydroascorbate (DHA) by the activities of ascorbate peroxidase (APX; EC 1.11.1.11) and ascorbate oxidase (AAO; EC 1.10.3.3). Then, part of the oxidized AsA is reduced back to AsA through the ascorbate--glutathione cycle by MDA reductase (MDAR; EC 1.6.5.4) and DHA reductase (DHAR; EC 1.8.5.1) \[[@pone.0147530.ref011]\]. The proposed AsA synthetic and recycling pathways were shown in the [Fig 1](#pone.0147530.g001){ref-type="fig"}.

![The proposed AsA synthetic and recycling pathways in higher plants.\
The four pathway included GalUA (D-galacturonic acid) pathway, Gal (L-galactose) pathway, Gulose(L-gulose) pathway and MI (Myo-inositol) pathway which catalyzed by GUR (D-galacturonate reductase), GME (GDP--D--Mannose-3,5-epimerase), GGP (GDP-L-galactose guanyltransferase), GPP (L-galactose-1-phosphate phosphatase), GDH (L-galactone dehydrogenase), GLDH (L-Galactono-lactone dehydrogenase) and MIOX(myo-inositol oxygenase). The recycling pathways were catalyzed by APX (ascorbate peroxidase), AAO (ascorbate oxidase), MDAR (mono-dehydroascorbate reductase) and DHAR (dehydroascorbate reductase).](pone.0147530.g001){#pone.0147530.g001}

Following the success of the Human Genome Project, several Rosaceae species, including *Malus* × *domestica* \[[@pone.0147530.ref014]\], *Fragaria vesca* \[[@pone.0147530.ref015]\], *Prunus mume* \[[@pone.0147530.ref016]\], *Prunus persica* \[[@pone.0147530.ref017]\], *Pyrus bretschneideri* \[[@pone.0147530.ref018]\], and *Pyrus communis* \[[@pone.0147530.ref019]\] have been sequenced by using next-generation sequencing (NGS) technology. Genome survey sequencing via NGS is an important and cost-effective strategy in generating extensive genetic and genomic information relating to the metabolism and development of organisms. Therefore, to investigate and provide a genomic resource of this species, we conducted a genome survey of *R*. *roxburghii* using NGS. Based on these data, we identified candidate genes involved in leaf AsA metabolism. The results of the present study contribute to accelerating the progress of gene discovery, genetic diversity, evolutionary analysis, structural genomic studies, and genetic improvement of *R*. *roxburghii*, as well as its closely related species.

Materials and Methods {#sec002}
=====================

Plant materials {#sec003}
---------------

Plants of *R*. *roxburghii* 'Guinong 5' \[[@pone.0147530.ref007]\] were grown in the fruit germplasm repository of Guizhou University, Guiyang, China (26°42.408\'N, 106°67.353\'E). Genomic DNAs were isolated from young leaf tissues of *R*. *roxburghii* using a plant genomic DNA extraction kit (Tiangenbiotech, Beijing, China), following the manufacturer's instructions. DNA quality and quantity were assessed by 1% agarose gel electrophoresis, and the concentrations of nucleic acids and proteins were measured on a BioPhotometer (Eppendorf, Germany).

Genome sequencing and genome size estimation {#sec004}
--------------------------------------------

Paired-end library with insert size of 220 base pairs (bp) was constructed from randomly fragmented genomic DNA, following the standard protocol (Illumina, Beijing, China). Sequence data was generated by Beijing Biomarker Technologies Co., Ltd. (Beijing, China), using an Illumina HiSeq 2500 sequencing platform. The read length was 126 bp, and clean reads were obtained after filtering and correction of the sequence data, and were relatively accurate for estimating the size of the genome, repetitive sequences, and heterozygosis. Then, based on K-mer analysis, information on peak depth and the number of 17-mers was obtained. Its relationship was expressed by using the following algorithm: Genome size = K-mer num/Peak depth \[[@pone.0147530.ref020]\].

Sequence assembly and guanine plus cytosine (GC) content analysis {#sec005}
-----------------------------------------------------------------

SOAPdenovo software \[[@pone.0147530.ref021]\] and Abyss were applied for genome assembly with the pre-processed reads, where k-mer sizes of 31, 54, 63, 70, 77, and 83 were examined using default parameters, and the optimal k-mer size was selected from the N50 length. The usable reads \> 200 bases in length were selected to realign the contig sequences because the sequences \< 200 bp were likely to be derived from repetitive or low-quality sequences. Then, the paired-end relationship between reads was coincident between contigs. The scaffolds were constructed step by step using insert size paired-ends. The 10-kb non-overlapping sliding windows along the assembled sequence were used to calculate GC average sequencing depth.

Repetitive sequences {#sec006}
--------------------

Due to the relatively low conservatism of the repetitive sequence among species, a particular repetitive sequence database was built to predict repeat sequences. The software programs LTR_FINDER \[[@pone.0147530.ref022]\], MITE-Hunter \[[@pone.0147530.ref023]\], RepeatScout \[[@pone.0147530.ref024]\], and PILER-DF \[[@pone.0147530.ref025]\] were used to construct a *de novo* repeat library, classified by PASTEClassifier \[[@pone.0147530.ref026]\], and combined with the Repbase transposable element library \[[@pone.0147530.ref027]\] to act as the final library. Then, the software RepeatMasker \[[@pone.0147530.ref028]\] was run to find homologous repeats in the final library. SSR motifs were identified using the SciRoKo software \[[@pone.0147530.ref029]\] in the 'MISA' mode, with default parameters. The minimum numbers of SSR repeats for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotides adopted for identification were 14, 7, 5, 4, 4, and 4, respectively.

Gene prediction and annotation {#sec007}
------------------------------

For *de novo* prediction, after filtering scaffolds of \< 1000 bp in size, Genscan \[[@pone.0147530.ref030]\] and Augustus were used to predict genes with parameters trained on *R*. *roxburghii*. Then, BLAST alignment was performed between predicted genes and common databases such as Nt, Nr, TrEMBL, Swiss-Prot, Pfam, 'euKaryotic clusters of Orthologous Groups' (KOG), Kyoto Encyclopedia of Genes and Genomes (KEGG), plant Gene ontology (GO), and Clusters of Orthologous Groups (COG). Meanwhile, the described genes were classified into the KOG slim categories, the GO categories, and then mapped onto the KEGG reference pathways as described by Hirakawa *et al*. \[[@pone.0147530.ref031]\]. For homology-based prediction, protein sequences for *Malus×domestica*, *Pyrus bretschneideri*, *Fragaria vesca*, *Prunus mume*, *Prunus persica*, and *Vitis vinifera* were downloaded from publicly available databases. The putative genes of *R*. *roxburghii* were clustered by using OrthoMCL \[[@pone.0147530.ref032]\] with the unigene sets of apple, pear, strawberry, *Prunus mume*, and peach. Single-copy protein sequences of *R*. *roxburghii* and the 6 other species were used to construct the evolutionary tree by using the software PHYML \[[@pone.0147530.ref033]\].

Genes involved in AsA metabolism {#sec008}
--------------------------------

AsA and DHA were measured according to the method described by An *et al*. \[[@pone.0147530.ref034]\]. For qRT-PCR validation, 11 cDNAs encoding GDP-mannose-3\',5\'-epimerase (GME), GDP- L-galactose-1-phosphate phosphorylase (GGP), L-galactose-1-phosphate phosphatase (GPP), L-galactose dehydrogenase (GDH), L-galactono-1,4-lactone dehydrogenase (GLDH), D-galacturonate reductase (GUR), *myo*-inositol oxygenase (MIOX), AAO, APX, DHAR, and MDHAR proteins, all of which have potential roles in AsA metabolism, were selected. Target gene primers were designed ([S1 Table](#pone.0147530.s003){ref-type="supplementary-material"}) according to acquired sequences using the Primer Express software (Applied Biosystems, USA). Total RNAs were extracted from *R*. *roxburghii* leaves at a leaf age of 10 days while fully expanding, 50-day-old leaves were labeled as mature, and 90-day-old leaves were designated as aged, using the TRIzol reagent (Invitrogen), followed by purification with an RNA purification kit (Takara). qRT-PCR and subsequent data analysis was performed according to the method described by Yan *et al*. \[[@pone.0147530.ref009]\].

Results {#sec009}
=======

Genome sequencing and genome size estimation {#sec010}
--------------------------------------------

After the sequence data was filtering and correction, a total of 30.29 Gb clean reads were generated from the small-insert (220 bp) library, with 95.14% Q20 bases (base quality \> 20), about 62.99× coverage ([Table 1](#pone.0147530.t001){ref-type="table"}), much greater than 30× coverage, which was required for successful assembly. All of the clean data were used for K-mer analysis. For the 17-mer frequency distribution ([Fig 2](#pone.0147530.g002){ref-type="fig"}), the number of K-mers was 26,445,309,972, and the peak of the depth distribution was at 54.98×. The estimated genome size was 480.97 Mb, which was calculated by using the following formula: Genome size = K-mer num/Peak depth. Similarly, a certain repeat rate could cause a repeat peak at the position of the integer multiples of the main peak, \~106×, so the genome size of repetitive sequences was estimated to be 291.49Mb, which was about 60.60% of the *R*. *roxburghii* genome. In addition, the heterozygosis rate could cause a sub-peak at a position half of the height of the main peak, \~26×, which indicates about 0.18% of the heterozygosis rate in this genome.

![K-mer (k = 17) analysis for estimating the genome size of *R*. *roxburghii*.\
The x-axis is depth (X); the y-axis is the proportion that represents the frequency at that depth divided by the total frequency of all depths. The genome size was estimated by using the formula: Genome size = K-mer num/Peak depth, and the heterozygosis rate causes a sub-peak at a position half of that of the main peak, whereas a certain repeat rate can cause a similar peak at the position of multiple integers of the main peak.](pone.0147530.g002){#pone.0147530.g002}

10.1371/journal.pone.0147530.t001

###### Statistics of sequencing data.

![](pone.0147530.t001){#pone.0147530.t001g}

  Library   Read Length/bp   Data/bp          Depth/X   Q20 (%)   Q30 (%)
  --------- ---------------- ---------------- --------- --------- ---------
  220 bp    126              30,294,326,779   62.99     95.14     91.25

Sequence assembly and GC content analysis {#sec011}
-----------------------------------------

All of the clean reads and the software SOAPdenovo and Abyss were used to carry out *de novo* assembly. Assembly with k-mer 77 by SOAPdenovo was selected, as it has the optimal reading for N50 ([S2 Table](#pone.0147530.s004){ref-type="supplementary-material"}), which is defined as a weighted median and is the smallest contig/scaffold size in the set whose combined length totals 50% of the genome assembly, to produce a contig with the N50 of \~1.48 kb, and a total length of \~ 405.81 Mb ([Table 2](#pone.0147530.t002){ref-type="table"}). A sequence was also generated, with the scaffold N50 length of \~3.55kb and a total length of \~409.36 Mb. The total gap length (Ns) was \~3.55 Mb.

10.1371/journal.pone.0147530.t002

###### Statistics of the assembled genome sequences.

![](pone.0147530.t002){#pone.0147530.t002g}

  ------------------------------------ -------------
  **Contigs**                          
  Number of sequences                  627,554
  Total length (bases)                 405,809,290
  N50 length (bases)                   1,484
  N90 length (bases)                   236
  Number of sequences ≥500 bp          183,973
  Number of sequences ≥1 kb            94,798
  Number of sequences ≥10 kb           1,224
  Number of contigs in scaffolds       415,383
  Number of contigs not in scaffolds   963,281
  **Scaffolds**                        
  Number of sequences                  335,902
  Total length (bases)                 409,356,560
  N50 length (bases)                   3,554
  N90 length (bases)                   375
  Number of sequences ≥500 bp          143,058
  Number of sequences ≥1 kb            84,286
  Number of sequences≥10 kb            5,071
  A                                    125,078,917
  T                                    123,942,623
  G                                    77,958,241
  C                                    78,829,509
  N                                    3,547,270
  Total (ACGT)                         405,809,290
  G+C% (ACGT)                          38.64
  ------------------------------------ -------------

The N50 of contigs and scaffolds was calculated by ordering all sequences, then adding the lengths from the longest to shortest until the added length exceeded 50% of the total length of all sequences. N90 is similarly defined.

The average GC content of *R*. *roxburghii* genome was \~ 38.64% ([Table 2](#pone.0147530.t002){ref-type="table"}), which was higher than that of ants (33.7--37.7%) \[[@pone.0147530.ref035], [@pone.0147530.ref036]\] and potatoes (34.8--36.0%) \[[@pone.0147530.ref031], [@pone.0147530.ref037]\], lower than that of human (41%) and *Nasonia vitripennis* (40.6%) \[[@pone.0147530.ref038]\], but similar to that of date palm (38.5%) \[[@pone.0147530.ref039]\] and Australian kangaroo (38.8%) \[[@pone.0147530.ref040]\]. Therefore, the *R*. *roxburghii* genome was of mid-GC content. A too high (\>65%) and too low (\<25%) GC content may cause sequence bias on the Illumina sequencing platform, thus seriously affecting genome assembly \[[@pone.0147530.ref041]\]. Moreover, the GC depth was slightly blocked into 2 layers ([Fig 3](#pone.0147530.g003){ref-type="fig"}), which was in part caused by a 0.18% heterozygosity rate. Maybe only one of the two sets of homologous chromosomes in the diploid was assembled, which resulted in the emergence of the lower layer \[[@pone.0147530.ref021]\].

![GC content and average sequencing depth of the genome data used for assembly.\
The x-axis was GC content percent across every 10-kb non-overlapping sliding window.](pone.0147530.g003){#pone.0147530.g003}

Repetitive sequences {#sec012}
--------------------

The total length of repetitive sequences was \~147.89 Mb ([Table 3](#pone.0147530.t003){ref-type="table"}), which was about 47.55% of the *R*. *roxburghii* genome, and lower than that of other plant species such as pear (51.3%) \[[@pone.0147530.ref018]\], *Lotus japonicus* (56.8%) \[[@pone.0147530.ref042]\], potato (64.2%) \[[@pone.0147530.ref037]\], apple (67%) \[[@pone.0147530.ref014]\], tomato (68.3%) \[[@pone.0147530.ref043]\]. In addition, this length was also lower than the estimated number of K-mer (60.60%; [Fig 2](#pone.0147530.g002){ref-type="fig"}), which could be the limitations of the assembling effect that resulted in the loss of 21.54% of the repetitive sequences during assemble.

10.1371/journal.pone.0147530.t003

###### Statistics of repetitive sequence.

![](pone.0147530.t003){#pone.0147530.t003g}

  Type                             Number        Length (bp)   Rate (%)
  --------------------- ---------- ------------- ------------- ----------
  Class I               DIRS       5,755         4,175,268     1.34
  LINEs                 17,825     6,689,518     2.15          
  LTRs                  582        252,704       0.08          
  LTRs/Copia            55,400     30,357,977    9.76          
  LTRs/Gypsy            39,913     21,467,074    6.90          
  PLE\|LARD             25,914     7,763,942     2.50          
  SINEs                 25,918     5,001,722     1.61          
  SINEs\|TRIMs          100        27,816        0.01          
  TRIMs                 2,982      1,161,230     0.37          
  Unknown               1,388      552,597       0.18          
  Class II              Cryptons   13            778           0.00
  Helitrons             5,893      1,966,508     0.63          
  MITEs                 23,940     5,015,314     1.61          
  Mavericks             47         13,970        0.00          
  TIRs                  1,890      461,658       0.15          
  TIRs/CACTAs           2,869      585,595       0.19          
  TIRs/Ps               34         2,053         0.00          
  TIRs/PIF-Harbinger    4,079      1,043,267     0.34          
  TIRs/PiggyBac         16         798           0.00          
  TIRs/Tc1-Mariner      168        21,090        0.01          
  TIRs/hAT              8,652      2,015,525     0.65          
  Unknown               12,947     2,266,751     0.73          
  Potential Host Gene   3,067      827,410       0.27          
  SSRs                  48,270     3,587,743     1.15          
  Unknown               234,148    52,634,201    16.92         
  Total                 521,810    147,892,509   47.55         

90.84 Mb transposable elements (TE) were obtained, comprised 29.20% of the genome ([Table 3](#pone.0147530.t003){ref-type="table"}), in which retroelements and DNA transoson were identified. Retroelements, also called class I transposable element ([Table 3](#pone.0147530.t003){ref-type="table"}), comprised 24.90% of the genome. And DNA transposons, also named class II transposable element ([Table 3](#pone.0147530.t003){ref-type="table"}), comprised only 4.30% of the genome. Long terminal repeats (LTRs) were observed to be the most abundant repeat elements, comprised 16.74% of the genome, in which 6.90% was *gypsy*, 9.76% was *copia* and other LTRs occupied only 0.08% ([Table 3](#pone.0147530.t003){ref-type="table"}). The ratio (0.71:1) of *gypsy*-like to *copia*-like elements was calculated. There were 1.15% SSRs and 16.92% uncharacterized repeats ([Table 3](#pone.0147530.t003){ref-type="table"}).

A total of 167,859 SSRs were identified and among which mono-nucleotide repeats showed predominant type, which accounted for 66.30% of the observed SSRs, followed by the di- (25.67%), tri- (6.64%), tetra- (1.08%), penta- (0.16%), and hexa- (0.15%) nucleotide repeats ([Table 4](#pone.0147530.t004){ref-type="table"}). Mono-nucleotide repeats have been reported to be the most common type of repeats whether in monocot species, such as rice, sorghum, and *Brachypodium* or in dicot species, for example, *Arabidopsis*, *Medicago*, and *Populus*, which accounted for 79% in *Medicago* at most \[[@pone.0147530.ref044]\]. The mono-, di- and tri-nucleotide repeats contributed to nearly 99% of SSRs in *R*. *roxburghii*, and a very small portion was contributed by tetra-, penta- and hexa-nucleotide repeats. Moreover, 363 motif types were identified in *R*. *roxburghii* genome, including 2 of mono-, 8 of di-, 30 of tri-, 80 of tetra-, 91 of penta-, and 152 of hexa-nucleotide repeats ([S3 Table](#pone.0147530.s005){ref-type="supplementary-material"}). Within the dinucleotide repeat motifs, the AG/CT was most abundant, which accounted for 28.81%, followed by GA/TC at 27.71% ([Fig 4](#pone.0147530.g004){ref-type="fig"}). And among the trinucleotide repeat motifs, the common motifs were GAA/TTC and ATT/AAT, accounting for 14.76% and 13.55%, respectively ([Fig 5](#pone.0147530.g005){ref-type="fig"}).

![Percentage of different mofits in dinucleotide repeats in *R*. *roxburghii*.](pone.0147530.g004){#pone.0147530.g004}

![Percentage of different motifs in trinucleotide repeats in *R*. *roxburghii*.](pone.0147530.g005){#pone.0147530.g005}

10.1371/journal.pone.0147530.t004

###### Simple sequence repeat types detected in the *R*. *roxburghii* sequences.

![](pone.0147530.t004){#pone.0147530.t004g}

  Searching Item                                   Number        Ratio
  ------------------------------------------------ ------------- ---------
  Total number of sequences examined               84,355        
  Total size of examined sequences (bp)            311,013,596   
  Total number of identified SSRs                  167,859       100.00%
  Number of SSR containing sequences               56,364        33.58%
  Number of sequences containing more than 1 SSR   36,597        21.80%
  Number of SSRs present in compound formation     20,558        12.25%
  Mono nucleotide                                  111,292       66.30%
  Di nucleotide                                    43,083        25.67%
  Tri nucleotide                                   11,149        6.64%
  Tetra nucleotide                                 1,811         1.08%
  Penta nucleotide                                 269           0.16%
  Hexa nucleotide                                  255           0.15%

Gene prediction and annotation {#sec013}
------------------------------

Based on the genome of *R*. *roxburghii*, with a filtering scaffold of \< 1,000 bp for *de novo* prediction, program Augustus got a predicted gene number of 20,589, and a total of 22,721 genes were predicted by Genescan ([Table 5](#pone.0147530.t005){ref-type="table"}). We choose Genescan for further analyses. The identified genes have an average length of 2,311.52 bp, an average exon length of 228.15 bp, and intron length of 401.18 bp. The number of predicted genes in the genome of *R*. *roxburghii* was much lower than that of other sequenced genomes such as *Malus×domestica* (57,386) \[[@pone.0147530.ref014]\], *Pyrus bretschneideri* (42,812) \[[@pone.0147530.ref018]\], *Fragaria vesca* (34,809) \[[@pone.0147530.ref015]\], *Prunus mume* (31,390) \[[@pone.0147530.ref016]\], and *Prunus persica* (27,852) \[[@pone.0147530.ref017]\]. It has been reported that the insufficient sequence depth coverage, variable regulation of gene expression levels, and low sequence homology because of limited gene information from closely related species might be possible reasons \[[@pone.0147530.ref045]\].

10.1371/journal.pone.0147530.t005

###### Statistics of gene information.

![](pone.0147530.t005){#pone.0147530.t005g}

  Software   Gene number   Gene         Average gene   Exon         Average exon   Intron       Average Intron
  ---------- ------------- ------------ -------------- ------------ -------------- ------------ ----------------
  Genscan    22,721        52,520,032   2311.52        19,040,306   228.15         33,479,726   401.18

Of the 22,721 predicted genes in the *R*. *roxburghii* genome, 17,637 genes matched known genes in common databases, of which, 11,622 had Swiss-Prot homologs, 16,173 had TrEMBL homologs, and 23.38% (5084) were unknown ([Table 6](#pone.0147530.t006){ref-type="table"}). A total of 7,040 genes were identified by GO slim analysis and further classified into the categories of molecular function, cellular component, and biological process ([Fig 6](#pone.0147530.g006){ref-type="fig"}). First of all, around 48.70% of the genes were grouped under biological processes, in which metabolic process was the most highly represented group. Secondly, 29.46% of the genes were grouped under cellular components, in which cell part and cell were the most significantly represented groups. Finally, 21.84% of the genes were grouped under molecular functions, in which catalytic activity represented a relatively high proportion.

![Gene Ontology classification.\
Genes were assigned to three categories: cellular components, molecular functions, and biological process.](pone.0147530.g006){#pone.0147530.g006}

10.1371/journal.pone.0147530.t006

###### Statistics of gene functional annotation.

![](pone.0147530.t006){#pone.0147530.t006g}

  Annotation database   Annotated Number   Percentage
  --------------------- ------------------ ------------
  COG                   4,803              21.14%
  GO                    7,040              30.98%
  KEGG                  3,130              13.78%
  KOG                   8,404              36.99%
  Pfam                  11,414             50.24%
  Swiss-Prot            11,622             51.15%
  TrEMBL                16,173             71.18%
  Nr                    16,690             73.46%
  Nt                    15,909             70.02%
  All                   17,637             77.62%

A total of 8,404 putative genes were classified into KOG functional categories, the cluster for general function prediction only represented the largest group (1,986; 23.63%), followed by signal transduction mechanisms (994; 11.83%) and posttranslational modification, protein turnover, chaperones (941; 11.20%) ([S1 Fig](#pone.0147530.s001){ref-type="supplementary-material"}).

There were 3,130 putative genes assigned to 116 KEGG pathways ([S4 Table](#pone.0147530.s006){ref-type="supplementary-material"}). A total of 1,828 genes (58.40%) were associated with 84 metabolic pathways, in which 430 (23.52%) were involved in carbohydrate metabolism, followed by amino acid metabolism (321; 17.56%), energy metabolism (182; 9.96%), nucleotide metabolism (131; 7.17%), glycan biosynthesis and metabolism (122; 6.68%), biosynthesis of other secondary metabolites (121; 6.62%), lipid metabolism (118; 6.46%), metabolism of cofactors and vitamins (112; 6.13%), metabolism of other amino acids (108; 5.91%), glycan biosynthesis and metabolism (100; 5.47%), and metabolism of terpenoids and polyketides (83; 4.54%). In addition, 941 genes were associated with genetic information processing, 147 with environmental information processing, 135 with cellular processes, and 124 with organismal systems.

Of the putative *R*. *roxburghii* genes, 12,419 were clustered with predicted genes that were identified in other species, whereas the remaining 738 were not clustered and therefore considered as *R*. *roxburghii*-specific genes ([Fig 7](#pone.0147530.g007){ref-type="fig"}), which was far more than that of *Prunus persica* (302), *Malus×domestica* (399), and *Prunus mume* (580), but much lower than that of *Pyrus bretschneideri* (1,221). The evolutionary relationships among species ([S2 Fig](#pone.0147530.s002){ref-type="supplementary-material"}) proved that there was a closer relationship between rosebush *R*. *roxburghii* and herbaceous strawberry.

![Venn diagram showing the number of gene clusters in *R*. *roxburghii* and other close species, i.e., *M*.*×domestica*, *P*. *persica*, *P*. *bretschneideri*, and *P*. *mume*.\
The first number under the species name is the total number of putative genes subjected to clustering. The second number is the clustered family number. The overlapping areas represent sequences clustered with other species, and the number of non-overlapping areas represents specific genes.](pone.0147530.g007){#pone.0147530.g007}

Putative genes associated with AsA metabolism {#sec014}
---------------------------------------------

Based on the genome survey sequencing dataset, 17 unique sequences were annotated as paralogs of 11 genes associated with AsA metabolism. Of these 17 sequences, two (Roxburghii008246-TA and Roxburghii018888-TA), three (Roxburghii002764-TA, Roxburghii-016536-TA, and Roxburghii016678-TA), and four (Roxburghii008076-TA, Roxburghii015197-TA, Roxburghii016587-TA, and Roxburghii018922-TA) were annotated as paralogs of *MDHAR*, *MIOX*, and *APX*, respectively, and the other 8 were in one-to-one correspondence ([S5 Table](#pone.0147530.s007){ref-type="supplementary-material"}).

To confirm experimentally that the genes obtained from sequencing were actually expressed, all of the 11 putative genes involved in AsA biosynthesis, namely, *GME* (Roxburghii013562-TA), *GGP* (Roxburghii021760-TA), *GPP* (Roxburghii007418-TA), *GDH* (Roxburghii012479-TA), *GLDH* (Roxburghii012337-TA), *MIOX* (Roxburghii002764-TA), *GUR* (Roxburghii012921-TA); in AsA oxidation, namely, *AAO* (Roxburghii002218-TA) and *APX* (Roxburghii008076-TA); and AsA recycling, including *DHAR* (Roxburghii013431-TA) and *MDHAR* (Roxburghii-008246-TA), were analyzed by qRT-PCR across three leaf developmental ages.

[Fig 8](#pone.0147530.g008){ref-type="fig"} shows that all selected genes were expressed at varying levels during the three developmental stages, in which the expression of three genes involved in AsA synthesis, namely, *GLDH*, *GUR*, and *MIOX*, and two genes involved in AsA degradation, *AAO* and *APX*, reached highest abundance in mature leaves, and then markedly decreased until these aged. Similarly, leaf DHA and T-AsA (AsA + DHA) levels increased with leaf development, reaching its peak levels in mature leaves and then rapidly decreased. These results suggest that the AsA pool size in *Rosa roxburghii* leaves were regulated by biosynthesis, as well as recycling.

![Relative expression of genes related to ascorbic acid metabolism during *R*. *roxburghii* leaf development.\
The *UBQ* gene was used as internal control, and the levels of expression of the target gene in fully expanding leaf samples were normalized to 1.0. The data for each sample are represented by the means of three replicates.](pone.0147530.g008){#pone.0147530.g008}

Discussion {#sec015}
==========

Flow cytometry has been regarded as a standard method for the prediction of the genome size of plants \[[@pone.0147530.ref046]\]. However, in the recent years, the development of the NGS technology has provided researchers an affordable means of addressing a wide range of questions relating to emerging and non-model species. In addition, the k-mer method has been successfully applied for the estimation of genome size using NGS reads without prior knowledge of the genome size. Such approach has been utilized in the analysis of the genomes of *Gracilariopsis lemaneiformis* \[[@pone.0147530.ref045]\], *Cucumis sativus* \[[@pone.0147530.ref047]\], and *Myrica rubra* \[[@pone.0147530.ref048]\]. The genome size estimated by K-mer depth distribution of sequenced reads is generally consistent with that of flow cytometry \[[@pone.0147530.ref014], [@pone.0147530.ref047]\]. In the present study, the estimated genome size of *R*. *roxburghii* was 480.97 Mb, which was close to the results estimated by flow cytometry (464.55 Mb) \[[@pone.0147530.ref049], [@pone.0147530.ref050]\].

Fruit trees are perennial, and the majority of these are highly heterozygous; therefore, the assembly of fruit tree genomes is relatively difficult using the WGS strategy. Homozygous materials for genome sequencing were always in priority \[[@pone.0147530.ref017], [@pone.0147530.ref045], [@pone.0147530.ref051]\], although a complicated bacterial artificial chromosome (BAC) approach could resolve problems associated with the assembly of a heterozygous genome \[[@pone.0147530.ref018]\]. Based on the feasibility of estimating heterozygosity from low-coverage genome sequence \[[@pone.0147530.ref052]\], a heterozygosity rate of 0.18% was observed in the *R*. *roxburghii*, which was higher than that of other sequenced plants such as pigeon pea (0.067%) \[[@pone.0147530.ref053]\], *Prunus mume* (0.08%) \[[@pone.0147530.ref016]\], but much lower than that of black cottonwood (0.26%) \[[@pone.0147530.ref054]\] and date palm (0.46%) \[[@pone.0147530.ref039]\], which could be utilized in genome studies using the WGS strategy.

Several investigations have determined a genome size range of 294--782 Mb for at least 33 rose species and several cultivars \[[@pone.0147530.ref055]\]. This observed variability in genome size is not likely due to differences in gene numbers but rather to variations in non-coding sequences such as the intron size \[[@pone.0147530.ref056]\], and a variety of other factors, including the copy number of TEs, the amount or size of SSRs, the size of inter-enhancer spacers, and the number of pseudogenes \[[@pone.0147530.ref057]\]. For example, the observed genome size difference between apple and pear is mainly due to repetitive sequences that are predominantly contributed by TEs, whereas the size of the genic regions is similar in both species \[[@pone.0147530.ref018]\]. In addition, different TE compositions, especially the composition of LTRs, resulting from TE multiplication, may cause genome size changes, which might have large effects on speciation \[[@pone.0147530.ref058], [@pone.0147530.ref059]\]. In the present study, The ratio (0.71 to 1) of *gypsy* to *copia* LTRs in *R*. *roxburghii* was remarkably lower than that observed in peach (1.16 to 1) \[[@pone.0147530.ref017]\], strawberry (1.20 to 1) \[[@pone.0147530.ref015]\], pear (1.99 to 1) \[[@pone.0147530.ref019]\], and apple (4.58 to 1) \[[@pone.0147530.ref014]\]. These results could contribute to the understanding of Rosaceae genome evolution \[[@pone.0147530.ref060]\].

The TE content in *R*. *roxburghii* was 29.20%, which was similar to that of peach (29.60%) \[[@pone.0147530.ref017]\]. In addition, the amount of LTRs, which comprised 16.74% of the *R*. *roxburghii* genome, was similar to that of strawberry (\~16%) \[[@pone.0147530.ref015]\]. However, the genome size of *R*. *roxburghii* was \~2-fold larger than that of the two species. This difference in genome size might not be due to the amount of TEs or LTRs, but the composition of LTRs. Meanwhile, SSRs comprised 1.15% of the *R*. *roxburghii* genome, which was significantly larger than that observed in apple (0.27) \[[@pone.0147530.ref014]\], *Pyrus bretschneideri* (0.22) \[[@pone.0147530.ref018]\], and *Pyrus communis* (0.04) \[[@pone.0147530.ref019]\], and might have potentially led to the genome expansion of *R*. *roxburghii*.

Genomic SSR markers, reliable, highly polymorphic, often multi-allelic, and easy to amplify, are widely used in genetic diversity, genetic map construction and so on \[[@pone.0147530.ref053]\]. However, the lack of available genomic resources in *R*. *roxburghii* impeded the use of microsatellite markers. To date, the limited EST-SSR markers were developed for *R*. *roxburghii* \[[@pone.0147530.ref009]\], but no genome-wide SSR markers have been published. Presently, the genome survey based on NGS is an especially useful method to explore SSR markers for tree crops \[[@pone.0147530.ref061]\].

Compared to fruits \[[@pone.0147530.ref009], [@pone.0147530.ref034]\], *R*. *roxburghii* leaves undergo a higher level of active oxidation loss and recycling of AsA. The L-galactose pathway is considered as the dominant route for AsA biosynthesis in several plant species \[[@pone.0147530.ref062]\], and *GGP* may play a key role in the L-galactose pathway in *R*. *roxburghii* fruits \[[@pone.0147530.ref009]\]. In the present study, *GGP* was not highly expressed in AsA-abundant aged leaves, although the level of *GLDH* expression was similar to the variable pattern of T-AsA content. Besides, the discovery of *GUR* and *MIOX* genes in the present study suggests that *R*. *roxburghii* can use GalUA or *myo-*inositol as an initial substrate in AsA biosynthesis, implying that multiple pathways were involved in AsA metabolism in *R*. *roxburghii* leaves. In addition, *GUR* via the GalUA pathway played important roles in AsA biosynthesis in strawberry fruits \[[@pone.0147530.ref063]\]. *APX*, which encodes a well-recognized enzyme, catalyzes the oxidation of AsA with high specificity, and *AAO*, which encodes another vital redox enzyme, also catalyzes the oxidation of apoplast AsA in the presence of oxygen. These two upregulated genes might have caused DHA accumulation in mature leaves ([Fig 8](#pone.0147530.g008){ref-type="fig"}).

This is the first report of genome-wide characterization in the genus *Rosa*. Among the 100--250 species in this genus, *R*. *roxburghii* is most important in terms of its horticultural, nutritional, and medicinal value. However, its limited genomic information has constrained genetic studies of *R*. *roxburghii*. A total of 167,859 SSRs and 22,721 genes derived from the *R*. *roxburghii* genome survey could help in the construction of high-density linkage maps and in conducting gene-based association studies. In addition, the generated dataset could contribute to the understanding of Rosaceae genome evolution. Evaluation of the expression of candidate genes involved in AsA metabolism may improve our understanding of the molecular mechanisms underlying ascorbate accumulation in *R*. *roxburghii*.
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